Neutrino masses are zero in the minimal supersymmetric standard model. I discuss how they may become nonzero with new interactions which may or may not violate R-parity conservation.
Introduction
On the strength of the recent report of atmospheric neutrino oscillations [1] , as well as previous other indications of solar [2] and accelerator [3] neutrino oscillations, neutrino masses are now considered to be almost established experimentally. Yet there is no clear theoretical consensus as to the origin of neutrino masses. In the standard model, the usual way is to add three right-handed neutrino singlets with large Majorana masses and use the canonical seesaw mechanism [4] to obtain small Majorana masses for ν e , ν µ , and ν τ . On the other hand, other mechanisms are available [5] , the simplest alternative being the addition of a heavy scalar triplet [6] .
There is another important theoretical reason for going beyond the minimal standard model, i.e. supersymmetry. However, the minimal supersymmetric standard model (MSSM) keeps the neutrinos massless because it contains no extra fields or interactions which could make them massive. Of course, one may simply add [7] three right-handed neutrino singlet superfields to the MSSM and invoke the canonical seesaw mechanism as before. On the other hand, given the particle content of the MSSM, one may also allow new, lepton-number nonconserving terms in the Lagrangian which would then induce nonzero neutrino masses [8, 9] . In this talk, I will review briefly this latter situation where R-parity is usually assumed to be violated, and point out its potential problem with leptogenesis, ending with a proposal of radiative neutrino masses with R-parity conservation.
MSSM and R-Parity
The well-known superfield content of the MSSM is given by
Given the above transformations under the standard SU(3) × SU(2) × U(1) gauge group, the corresponding superpotential should contain in general all gauge-invariant bilinear and trilinear combinations of the superfields. However, to forbid the nonconservation of both baryon number (B) and lepton number (L), each particle is usually assigned a dicrete Rparity:
which is assumed to be conserved by the allowed interactions. Hence the MSSM superpotential has only the terms Phenomenologically, it makes sense to require only B conservation (to make sure that the proton is stable), but to allow L violation (hence R-parity violation) so that the additional 
we get a 7 × 7 neutralino-neutrino mass matrix
where v 1,2 = φ 0 1,2 /2 and u i = ν i /2, with i = e, µ, τ . Note first the important fact that a nonzero ǫ i implies a nonzero u i [9] . Note also that if u i /ǫ i is the same for all i, then only one linear combination of the three neutrinos gets a tree-level mass. From the trilinear terms, neutrino masses are also obtained [8, 10] , now as one-loop radiative corrections. Note that these occur as the result of supersymmetry breaking and are suppressed by m
L Nonconservation and the Universe
As noted earlier, the R-parity nonconserving interactions have ∆L = 1. Furthermore, the particles involved have masses at most equal to the supersymmetry breaking scale, i.e. a few TeV. This means that their L violation together with the B + L violation by sphalerons [11] would erase any primordial B or L asymmetry of the Universe [12, 13] . To avoid such a possibility, one may reduce the relevant Yukawa couplings to less than about 10 −7 , but a typical minimum value of 10 −4 is required for realistic neutrino masses. Hence the existence of the present baryon asymmetry of the Universe is unexplained if neutrino masses originate from these ∆L = 1 interactions. This is a generic problem of all models of radiative neutrino masses where the L violation can be traced to interactions occuring at energies below 10
13
GeV or so.
Consider the prototype (Zee) model of radiative neutrino masses [14] . It is not supersymmetric and it only adds one charged scalar singlet χ ± and a second Higgs doublet to the minimal standard model. Call the two Higgs doublets Φ 1,2 , then the trilinear coupling 
H 2,4 ∼ (1, 2, 1/2; +, ±).
A fourth family of leptons is then added:
In the above, the assignments of these superfields under a discrete Z 2 × Z ′ 2 symmetry are also displayed. The first is merely the one usually assumed to obtain R-parity; the second is used to distinguish the new particles from those of the MSSM. The relevant terms in the R-parity preserving superpotential of this model are then given by
where v 1,2 are the vacuum expectation values of h 0 1,2 . The unsuppressed one-loop diagram generating neutrino masses is shown in Fig. 1 of Ref. [13] . Note that the effective supersym-
Assuming that the masses of the scalar leptons of the fourth family to be equal to M SU SY , the neutrino mass matrix is then obtained:
To get an estimate of the above expression, let
Assuming v 2 ∼ 10 2 GeV, m χ ∼ 10 13 GeV, and M SU SY ∼ 10 3 GeV, a value of m ν ∼ 0.6 eV is obtained. This is just one order of magnitude greater than the square root of the ∆m 2 ∼ 5 × 10 −3 eV 2 needed for atmospheric neutrino oscillations [1] . Reducing slightly the above dimensionless couplings from unity would fit the data quite well. Since m χ ∼ 10
GeV is now allowed, leptogenesis should be possible as demonstrated in Ref. [6] .
Neutrino Oscillations
It has recently been shown [15] that the structure of Eq. (19) for the µ − τ sector is naturally suited for the large mixing solution of atmospheric neutrino oscillations. To be more specific, the 2 × 2 submatrix of Eq. (19) for the µ − τ sector can be written as
where tan α = f µ /f τ and tan
The eigenvalues of the above are then given by m 0 (c 1 ± 1), where c 1 = cos(α − α ′ ), and the effective sin 2 2θ for ν µ − ν τ oscillations is
In that case, maximal mixing between a heavy (2m 0 ) and a light (s 
is possible and would make a spectacular signature.
Conclusion
In conclusion, the issue of neutrino masses in supersymmetry has been addressed in this 
